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A STUDYOF THE EFFICIENCYOF EtGH-STREt?GTH,

STEEL,CMLUIAR-COFU?SANDUCH PLATESIN COMPRESSION

13yA.ldieE. Johnson,Jr.,and JosephW. Semonian

The structuralefficiencyof high-strength,stainless-steel,
cellular-coresandwichplatesis investigated.Efficiencycurvessre
presentedfor sandwichplatesof variousproportionsmibjettedto com-
pressiveend loadsfor temperaturesof 80° F and 60(PF. Opttiumpro-
portionsof sandwichplatesfor any valueof the compressiveloading
intensitycanbe detenuinedfromthe curves. A comparisonis made
betweenthe efficiencyof optimum-proportionedsteelsandwichplates
and solidplatesof high-strengthsteeland aluminumand titanium
alloysat the two temperatures.

INTRODUCTION

Compositeor, more familiarly,ssndwichplateshave long appealed
to the designerbecause,in a givendesignapplication,the load-carr@ng
materialc= W distributedto provideoptinnuncombinationsof stiffness
and strengthfor a givenweight. Becauseof this inlierentadvantage,
a greatdeal of efforthas been expendedin recentyearsto develop
suitablesandwichmaterialsand to providedesigndatafor the various
formsof sandwichmaterials. (See,for example,the bibliographyin
ref. 1.)

b spiteof the largeamountof developmentwork,the use of high-
strengthsandtichmterial for primary,structuralapplicationshas not
been fuUy eqloited, principallybecauseof fabricationdifficulties
suchas questionableor unreliablebondingof the sandwichelementsto
each other. Recentdevelopments,however,in the fabdicationof sandwich
platesby meansof high-texlQeraturemetallurgicaljoiningtechniques(see,
for.example,refs.2 to 6) have indicatedbondingprocesseswhichhave the
potentialto providecontinuous,high-strength,reliablejoiningof com-
ponents. One implicationof thisdevelopmentis that,by high-temperature
brazingor welding,stainless-steelsandwichplatesmay be fabricatedwhich
can be used at the highertemperaturesassociatedwith-high-speedflight
wherethe lightermetalsare no longerusable. For someloadingconditions
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.

sandwichplate,designedfor efficientuse at elevated.t~era-
.

tures,w actuallyweighno more than a solidplateof the liLght&
alloyswhich are designedto carrythe sameloadsat room temperature. .

Thispaperpresentsthe resultsof calculationsfor the structural
efficiencyin compressionfor the cellulsr-coretype of sandwichplate.
(Seefig. 1.) The studywas made for platesfabricatedfrom a typical
high-strengthstainlesssteel,and the sandwichproportionsnecessary
for opthmm efficiencyfor vsmiousloadingintensitiesand two tempera-
tureswere found. The resultsare presentedin the form of plate effi-
ciencycurves,and thesecurvesare cqed with similarcurvesfor
solidplatesof steeland aluminumand titaniumall~s at room tempera-
ture (80°F) and 600°F.
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SYMEOLS

of plateelement,h.

flexmralstiffness,kip-in.

stiffness,kips/in.

modulusof

modulusof

modulusof

elasticity,ksi

elasticityof facingmaterial,ksi

rigidityof corematerial,ksi

overallthicknessof sandwichplate, hc + 2tf,in.

thicknessof core,in. (seefig. 1)

nonithmmsionalcompressivebucklingcoefficient

compressiveload carriedby plateper unitwidth,kips/in.

shear-stiffnessparameter

thicknessof facingmaterial,in.

cross-sectionalarea of sandwichplateper unitwidth,
expressedas an equivalenttbiclmess,in.

.
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n plasticityreductionfactor

v Poissonfsratio

P densityof solidplates,lb/cuin.

Pc effective-coredensity,lb/cuin.

Pf facing-materialdensity,lb/cuin.

u compressivestressin the facings,ksi

‘w materiaLcompressiveyield stress,ksi

Subscript:

el elastic

METHODOF ANALYSIS

The efficiencyanalysisof this paperis based-primarilyon existing
theoriesfor the compressivebucklingbehaviorof sandwichplateswhich
were formulatedon the basis of assumedphysicslcharacteristicsof the ‘
sandwiches.Theseassumptionsare retainedin the presentanalysis.
The assumptionsare discussedfirst,and thenthe efficiencyequation
is derived.

Assumptions

The followingcharacteristicsare assumedfor the sadwich plates
_zed herein:

(1)The facingsheetsare of equalthickness,are plane,are rigidly
bondedto the core,and have infiniteshesrstiffnessnormalto the plane
of the plate.

(2)The appliedcompressiveloadsare carriedonlyby the facing
sheets.

(3)The facingsheetsare continuously
the core;that is, the dimensionsof a core
preventlocalbucklingof the facingsheets
tbe sandwichplatebucklesas a unit.

and uniformlysupportedby
*U. are smallenoughto
withina ceU.boundarybefo&

.—-. — -- —-.-—_ -- .-— —._.
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(4)!Checoreis a homogeneous,isotropicmediumof finiteshearing ‘
stiffnessand has infiniteextension&Lstiffnessin the directionnormal
to the facingsheets. *

(5) - mixlmm edge compressiveloadingthat canbe sustainedis
the simply~orted bucklingloadfor the samdwichplatebehavingas
an integrslunit. .

The assumptionthatthe corecarriesno axial loadis not precisely
representativeof ceU.ular-coresandwichconstruction.~ actuali~,
the coreis compressedto the ssmeaxialdeformationas the facingsheets
which couldresultin localbucklingof the cellwalls. Suchbuckling
reducesthe effectiveshearmodultiQf the coreand,hence,may reduce
the platestrengthfor sme sandwichproportions.The sandwichesmost
likelyto be sffectedare thosewith a very low densitycorein which
the abilityto carrycompressiveload is alreadystronglyinfluencedby
luw Shesrstiffness.

:
The possibilityof sandwichfailureof the type commonlycalled

%&K13ngtl is excludedin the analysis. ~ thistype of failure,the
factngsheetsbuckleas platessupportedby an elasticcore,which is
deformablein a directionnormalto the facings. However,fromthe
bucklingtheoryaf reference7 (whichincludesboth symetric and anti-
Synmletricmodes of minKMng), it canbe shownthat,for the rangeof
sandwichproportionscoveredby the presentfivestigation,wrinkling

-instabili@in the facingswill alwaysoccurat higherstressesthanthe
bucklingstressof the sandwichplateas a unit.

Initialimperfectionsin the facingsheetswhichresemblelocal
bucklesconfinedwithinthe cellboundariesmsy occurin the mantiacture
of cellular-coresandwich. Th&seimperfectionsare indicativeof cell
dimensionswhichare probablytoo largefor the facingplatethickness
and havethe effectof reducingthe effectivemodulusof the facing
platematerial. ~rfections of this type can seriouslyreducethe
flexuralstiffnessof the sandwich:however,theireffectis not included
in the presentanalysis.

.

.

IM5vwtion of 13?ficiency

The isotropicplatebucklingequation

subjectto the assumptionslistedpreviously
rionto calculatethe compressiveefficiency

.

Equations

(1)

was used as a failurecrite-
Of sandwichp~teS Of V’SJ?iOUS ‘

.

——. ....
,

— —. — ——-—— .. —-—— .-- —--- ..-.
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proportions.
buckling10Sd

The effectof shearingdeformationis includedin the
coefficientk. !l!heexpressionsfor k, derivedin ref.

erence8, applicableto
were used:

nondimensitxisJ.

AS used in reference8,

.
-1 .4.-” .t44-4.l-eln.1....-4 . 4-I... Ia. a-t.n - 24 —A* . .

k= k (r $1) (2a)
(1+ r)2

shear-stiffnessparsmeter r is definedas

ah
r=KQ (3)

the expressionfor r. considersths thickness
of the facingsto be negligiblein comparisonwith the overallthickness
of sandwich. For the type of s with pls~s considered@ thispaper,

?considerableerrorswill result particularlyat low valuesof h/2tf
and pci~) unlesstbe facingthicknessis includedin the expression

for the-fl&ur&L and shearstiffnessesD

flexuralstiffnsss D, expressedin terms
Sions,is thus

and DQ, respectively.!Che

of the sandwich-platedimen-

and the shearstiffness DQ ~ be definedas (see eq. (5),ref. 9)

(4)

(5)

. The resultsof reference10 indicatethat a conservativevaluefor
the Shearmodulusof the COre Gc can be determinedfrom a consideration

of the volme of corematerislorientedin the p@ne of the shearforces.

. ---- _—-- —— ~ —— —— -———
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For a coreas shownin figure1, one-hs3fcf the shear
corematerialcanbe consideredeffectivein auy plane
faces. Fm corematerialwhichhas ~thes=
modulusto densi~ as the facingmaterial, Gc ~ be

lPcE.f
Gc=-— —

kpfl+y

This equation
jointcsrries

When the
definedas

NACAm 3751

stiffnessof the
normalto the
ratioCLeYoung‘s
writtenas

(6)

sJ.soimplies that the matirielin the weldedor brazed
shearas effectivelyab the core.

cross-sectional

or, in nmlMIUensional

an e~ression for r

srea of the.plateper unitwidthis

L -1

(7a)
.

(P)

cenbe writtenin termsof sandwich-plateparam-
eters-%/b, Pc/Pf>a hl~ which are nondimensional.

tio~ (4), (5),(6),and (7b)sre cabined and substituted
tion (3),tbe foldmwingexpressionfor r is obtained:

1- 1

.

1+~
r= X2

1-M2

When eqpa-

intoeqpa-

(8)

Valuesof r frcm equation(8) are usedto calculateelasticvaluesof
the bucl&Lngload coefficientk (eq,s.(2))co~cted for shearing
deformationsin the coreof the sandwichplate. b

. . —.
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me maximumcompressiveloadthat
plateof width b and cross-sectional
equations,(1), (4),and (7b)to give

7

canbe carriedby a sandwich
area ~ is obtainedby conibining

12()h—-. +&
‘f 2 12

l+ MS-1)
(9)

In thiseqpationthe allowableloading Pi has been dividedby the

platewidthto formthe structural-in&xparameter Pi b which is a
/functionof %/b (ameasureof the weightof the sandwichplate),the

sandwichproportions,and the materialpropmties.

For solutionsof eqyation(9)whichinvolvestresseshigherthan
the elasticlimitof the facingmaterisL,an assumedreductionfactor q,
correspondingto that usedfor inelasticbucklingstressesof solid
plates,is used. An elasticvalueof Pi b is first calculatedfrom

/
equation(9) (byassuminga valueof uni~ for q) @ the corresponding
elasticbucklingstressis foundfrcm the relation

.el=k)eli[+$(++)](lo)

For the presentansQsis, the reductionfactor q was determinedfrom
referenceU amd plottedagainstthe correspondingelasticstress. l!Yom
this plot,a valueof q was obtainedfor the facingmaterial.and the
appropriatevalueuf the structural-indexParsmeter~as detem&ed from

(n)

. ——.— ______
.—c
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RESUWS AND DISCUSSION

IWficiencyCurves

NACA TN 3751
I

.

●

The platecompressiveefficiencyof cellular-coresandwichplates
has been calculatedfrom equation(9)and is showninfigures2 and 3
for roomtemperaimre(80°F) and 600°F, res~ctively. !Cbsmaterial“
propertiesused in the calculationsare typicalof high-strengthstain-
less s~el. (Se~tableI.) The efficiencycurvesgivethe cross-
sectioti area t requiredto carrythe compressiveloadinginten-
sity Pi - any arbitrarywidth“b for the specifiedratiosof core

I
densityto facingdensity PC pf ~ sandwichthicknessto totalfacing

/
thickuess h ~.

Alongany curve, the stressin the facingsat buckling(assumedto
be failure)variesfmm zeroat the originto a maximumvaluewhichwas
Umited in thesecalculationsto the 0.2-percent-offsetcompressiveyield

.

stressfor the matirisl. Thismaadmum-stressrestrictionresultsin a
stra3ghtportionat tbe end of each curve. The stressassociatedwith
any pointon the curvesis givenby

(12)

An optimumratioof sandwichthichess to totalfacingthickness
for minimnmwei@t at,eachvalueof the structuralindexcanbe deter-
minedfromthe efficiencycurves. Alongany curvefor a particular
sandwich-plateproportion,thareis only one value of loadingintensity
for whichthisproportionis optimwL T& dashedenvelopecurvedraxn
tamgentto the individualcurvesat theseloadingintensitiesdefines
the optimumproportionsof sandwichplates. The failingstressin the
facingsassociatedwith any pointalongthe envelopecurveis slightly
belowthe compressiveyield stressfor the facingmaterial. Thud,the o
designof optimumsandwichplatesresolvesintothe se16ctionof suf-
ficientcorethicknessand densityto attainthe compressiveyield stress
in the facingsheets. Thisfeatureis characteristicof the curvesfor
both t-rstures; hence,the changein weightassociatedwith a change
in the temperatureof sandwichplatesof optimundesignis essentially
inverselyproportionalto the changein materialyield stress.

The effectof coreshesrstiffnesson platecompressiveefficiency
#

is illustratedby the trendof the curvesfor sandwichproportionshawing
low valuesof h ~ and pc ~. Eecauseof inadequatecore shear

/ /
.

.—. . . ——.-— . . . . ———.- .—— . —.—.
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stiffness,the
sheetsand the

compressive yield stress cannot be achievedin the facing
curveslie abovethe envelopeof optimm proportionsat

all values of loadingintensity.

The influenceof coredensityon structuralefficiencyof bigh-
strength,steel,cellular-coresandwichplatesis shownin figuresk(a)
and i(b)wherethe lowerenvelopesto the curvesof figures2 and 3 have
been plotted. Jk gene~, the compressiveefficiency-increaseswith
decreasingcoredensity,but the gain is slightbeluwvaluesof p pfc/
egpalto approximately0.02 at low loadingintensitiesand belowvalues
M Pc Pf

/
equalto approximately0.05 at the high loadingintensities.

It is apparentthatthe eqected sawingsin weightassociatedwith ve~
low densitycoresis nullifiedby core shearfkxibili~. In actuality,
productionof satisfacto~ panelswith very low densitycoresbecomes
increasinglydifficult.

The dashedcurvesin figure4 representidealizedssadwlchplates
in whichthe facingsare assumedto developthe materialcompressive
yield stresswith a coreof seroweight. For any valueof the 1-% .
index,the differencein ordinatesbetweenthe solid-and dashed-line
curvescorrespondsto the weightof materialin the core. It is evident
thatfor sandwichplatesof opthwn proportions,the weightof the core
materialrelativeto the weightof the completesandwichplatedecreases
with increasingloedingintensity.Exceptfor low valuesof Pi/b,OnlY

a smaXL percentageof the weightof the sandwichplate of optimm P*-
portionsis suppliedby the corematerial. Thisfact is exemplifiedby
the decreasingvslpesof h ~ for optimumdesignas Pi

I P
increases.

ComparisonWith SolidPlates

A comparisonof the load-carryingefficiencyof optimum-proportioned
steelsandwichplateswith solidplatesof othermaterialsis givenin
figure5. Figure5(a)givesthe comparisonat a room temperatureof 80° F
betweensteelsandwichplates&@ so~d platesof a high-strengthaluminum
alloy,of a high-strengthtitaniumalloy,and of the same steelassumed
for the sandwichplates. (SeetableI for suwsry of propertiesof
materials.) The sandwich-platecurvesare basedon a bucklingcriterion,
whereasthe solid-platecurvesare detemined frcunthe maxhum strength
of supportedplates(asshownin ref. 12). In orderthat the weights
of the differentplatesat the sameloadingintensity~ be compamd
directly,the ordinateof figure.5 includesthe effectof * dt?ferent
materialdensities.Emu thesecomparisons,it is evidentthat it is
possibleto designsteelsandwichplateswhichare considerablymore
efficientthan solidplatesof titaniumalloyaverthe entirerangecon-
sideredand whichare more efficientthanthe aluminumalloyoverthe

—- . ——. - —.-— .-—-
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lowerportionof the loadingrange. Similarresultsare evidentin the
.

comparisonsIEtweenthe steelssmdwichplatesand solidplatesof tita-
nium sUoy sad solidplatesof the steelat a temperatureof 600°F.
(Seefig. ~(b).)

.

Becauseof the relatively smalJ-drop in the materialpropertiesof
steelat 600°F, an-optimumsandwichplateof this@erial at this
temperatureis more efficientthan solidplatesof the titaniumalloy
at roomtemperatureovera largerangeof loadingintensityand is ccnn-
parablein efficiencyto platesof aluminumsdloyat roantemperature
for low loadingintensities.!l!hesecomparisonsindicatethat the den-
sitydisadvsmlmgeof a temperature-resistantmaterialsuchas std.nless
steelmey be overccmeby fatiicationinto a sandwich.

CONCLUSIONS

IYom the analysisand curvespresentedfor the efficiencyof hi@- -
strength,steel,cellular-coresandwichplatessubjettedto compressive
end loads,the followingare evident:

1. Sandwichplatesof opthxu designrequirethe use of the minimum
corethicknessand depsitynecessaryto attainapproximatelythe yield
stressin the facingsheetsat the designvalueof the structuralindex.

2. !l%eweightof the corematerialrelativeto the weightof ths
completesandwichplate decreaseswith increasingloadingintensity.
Exceptfor low valuesof compressiveloadingintensitqr,the corethick-
ness in steelsandwichpldes of efficientdesignis smslland conse-
quentlythe weightof the corematerialis onlya small*rcentage of
the weightof the sandwichplate.

3. !J?hecompressiveefficiencyof a steelsandwichphte first
increaseswith decreasingcoredensity,but as the coredensityis
reducedbelowabout2 percen%of that of the facingms%erialthe shesr
stiffness of the corebecomesan importantfactorand finsUy results
in a decreasein efficiencyat highervaluesof loading. At low loading
intensities,thereis littlegain in efficiencyby reducingthe core
densitybelowapproximately2 percentof that of the facingmaterial.
At high loadingintensities,coredensitiesapproximately5 percentof
that of the facingmaterislare indicatedto be near o@muM.

k. At roantemperature,steelsandwichplatescanbe builtwhich
aremore efficientthan solidplatesof titaniw.uslloyaverthe entire
loadingrangeconsideredand whichare more efficientthan solidplates “
of aluminumalloyoverthe lowerpaxt of the loadingrange. .At6000F,
and overthe entireloadingrangeconsidered,steelsandwichplatesare ,
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more efficientthan solidplatesof titaniumalloy. For low valuesof
loadingintensity,the efficiencyof steelsandwichplatesat a tem-
peratureof 600°F is greaterthan tbe efficiencyof solidplatesof
the aluminumor titaniumalloysat 80° F.

5. For efficientlydesignedsandwichplates,the changesin weight
associatedwith a changein temperatureare closelyrelatedto the
changein materialyield stresswith temperature.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

h@ley Field,Va.,llsy31, 1956.
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PROPERTIESOF MMXRUGS
I

80° F 600° F

Mlsi-ty> P} yqtsMaterial
compressiveYoung‘s compressive

lb/cuin. Inoaulus, yield modulus,‘
yield

E, ksi
stress, E, ksi stress,
acy,ksi aw, ksi

Steel 0.30 ~.o x 103 180 27.5 x ld 150

Aluminum .10 10.5 72.5 ---- ---
alloy

Titanilml .17 16.1 140 12.7 83.
&iU.oy

,

--..—..———..-— -- —— .-. .- —-
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Figurel.- Sectionof typicalcellular-coresandwichplate.
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● Figure2.- Structuralefficiencyof high-strength,steel,cellular-core
sandwichplatesat 80° F.
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Figure2.- Continued.
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Figure2.- Contined.
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Figure2.- Concluded.
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.
. Figure3.- Structuralefficiencyof high-strength,steel,cellular-core

sandwichplatesat 600°F.
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● (a) Temperature,80° F.

Figure4.- Effectof coredensityon structuralefficiencyof high-strength,
. steel,cellular-coresandwichplatesof optimumproportions.
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(b)Temperature,600°F.

Figure4.- Concluded.
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o I 2 3 4

(a) !kmperature,80° F.

Figure5.- Ccmrpsrisonof opthm.un-proportioned,steel,cellular-coresand-
wich plateswith solidplatesof steeland aluminumand titaniumalloys.
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